Parkinson's disease (PD) is a common neurodegenerative disorder, for which there are no effective disease-modifying therapies. The transcription factor ATF4 (activating transcription factor 4) is induced by multiple PD-relevant stressors, such as endoplasmic reticulum stress and oxidative damage. ATF4 may exert either protective or deleterious effects on cell survival, depending on the paradigm. However, the role of ATF4 in the pathogenesis of PD has not been explored. We find that ATF4 levels are increased in neuromelaninpositive neurons in the substantia nigra of a subset of PD patients relative to controls. ATF4 levels are also upregulated in neuronal PC12 cells treated with the dopaminergic neuronal toxins 6-hydroxydopamine (6-OHDA) and 1-methyl-4-phenylpyridinium (MPPϩ). To explore the role of ATF4 in cell survival in PD-relevant contexts, we either silenced or overexpressed ATF4 in cellular models of PD. In neuronal PC12 cells, silencing of ATF4 enhanced cell death in response to either 6-OHDA or MPPϩ. Conversely, overexpression of ATF4 reduced cell death caused by dopaminergic neuronal toxins. ATF4 was also protective against 6-OHDA-induced death of cultured mouse ventral midbrain dopaminergic neurons. We further show that parkin, a gene associated with autosomal recessive PD, plays a critical role in ATF4-mediated protection. After treatment with 6-OHDA or MPPϩ, parkin protein levels fall, despite an increase in mRNA levels. ATF4 silencing exacerbates the toxin-induced reduction of parkin, whereas ATF4 overexpression partially preserves parkin levels. Finally, parkin silencing blocked the protective capacity of ATF4. These results indicate that ATF4 plays a protective role in PD through the regulation of parkin.
Introduction
Parkinson's disease (PD) is a progressive neurodegenerative disorder with dopaminergic neuron degeneration in the substantia nigra (SN) and accumulation of Lewy bodies. The mechanisms of neuronal loss in PD are incompletely clear, with several pathophysiologic mechanisms implicated. One of these is the endoplasmic reticulum stress (ERS) pathway, a conserved cellular response to various insults. Multiple studies indicate that the ERS response is active in PD models (Ryu et al., 2002; Holtz and O'Malley, 2003; Colla et al., 2012) . One of the major effectors of the ERS response is ATF4 (activating transcription factor 4, or CREB2), a member of the ATF/CREB family of basic leucine zipper transcription factors. There are higher levels of phosphorylated eukaryotic initiation factor 2␣ (eIF2␣), an upstream activator of ATF4, in the SN of PD patients compared with controls (Hoozemans et al., 2007) . However, the involvement of ATF4 in PD pathogenesis has not been addressed.
The effect of ATF4 activation on neuronal survival is complex. ATF4 can promote either cell survival or death depending on the paradigm. For example, ATF4-null mice show less neuronal loss in stroke models (Lange et al., 2008) , and ATF4-deficient neurons are more resistant to ERS (Galehdar et al., 2010) , consistent with a pro-apoptotic effect. However, ATF4-null neurons are more sensitive to DNA-damaging agents (Galehdar et al., 2010) , and activating mutations in ATF4 reduce glutamate toxicity (Lewerenz et al., 2012) , implying a protective function. The role of ATF4 signaling in PD and whether it is beneficial or harmful are unknown. ATF4 regulates expression of target genes involved in multiple cellular processes (Fels and Koumenis, 2006; Ameri and Harris, 2008; Ye and Koumenis, 2009) , including the ubiquitin E3 ligase parkin, mutations in which cause early-onset, autosomal recessive PD . PD-linked mutations typically lead to a reduction in E3 ligase activity (Henn et al., 2005) , consistent with a loss of parkin function in PD. Impairment of parkin function leads to neuronal loss in animal models (Cha et al., 2005; Shin et al., 2011) . Furthermore, multiple posttranslational modifications of parkin, which are observed in PD models and autopsy material, lead to a reduction in parkin activity Meng et al., 2011) . ATF4 binds directly to the parkin promoter and increases its expression during ERS (Bouman et al., 2011) .
In this study, we investigate the role of ATF4 in PD models. We find that ATF4 is upregulated in midbrain dopaminergic neurons in PD patients and in cellular PD models. ATF4 expression plays a protective role in cellular PD models, because knocking it down sensitized neuronal cells to dopaminergic neuronal toxins, whereas overexpression attenuates cell death. Finally, ATF4 exerts this protective effect via regulation of parkin expression. These studies show that ATF4 -parkin signaling plays a role in limiting neuronal death in PD; enhancing this pathway represents a potential neuroprotective strategy in PD.
Materials and Methods
Antibodies and materials. The following antibodies were used: anti-ATF4 for Western blot was commercially generated for our laboratory; anti-ATF4 for immunostaining, anti-tyrosine hydroxylase (TH), anti-ERK, anti-parkin (#4211), anti-GAPDH, and anti-CHOP (CCAAT/enhancerbinding protein-homologous protein) were from Santa Cruz Biotechnology; anti-parkin (#sc-32282) and anti-phospho-eIF2␣ were from Cell Signaling Technology; anti-GFP was from Invitrogen. Both anti-parkin antibodies (Cell Signaling Technologies and Santa Cruz Biotechnology) recognized overexpressed rat parkin in HEK293 cells by Western blotting, and the band was greatly reduced by cotransfecting a short-hairpin (sh) RNA against parkin (data not shown). MG132 (carbobenzoxy-L-leucyl-L-leucyl-Lleucinal), chloroquine, ammonium chloride, and zVAD-fmk (benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone) were purchased from Sigma.
Plasmids. All shRNA constructs for transfection experiments were generated in pSIREN (Clontech) and coexpress ZsGreen. The following are the target sequences for ATF4 silencing constructs: shATF4-A, 5Ј-GCCTGACTCTGCTGCTTATAT-3Ј; shATF4-B, 5Ј-GCCCTCACTG GCGAGTGTA-3Ј. Rat shParkin was generated in pSIREN vector based on the following target sequence: 5Ј-ATCACCTGACAGTACAGAACT-3Ј. Two control shRNA constructs were used: (1) for transfection experiments, a mutant version of GATA2 silencing target sequence (Biswas et al., 2010) , with no detectable homology to rodent genomic sequence, was used (5Ј-GCACCTGATGTCTTCTTCAACC-3Ј); (2) for lentiviral experiments, we used a mutated version of shATF4-A (mutated bases are underlined; 5Ј-GCCAGATTCAGCGGCCTACAT-3Ј). Rat and human ATF4 cDNAs were cloned into pCMS-eGFP, which coexpresses eGFP, for single transfection experiments, or into pcDNA3.1 for cotransfection experiments. These ATF4 constructs lack the 5ЈUTR that mediates enhanced translation by phospho-eIF2␣. Myc-tagged rat parkin cDNA was obtained from Origene. For virus production, shRNA and cDNA inserts were subcloned into appropriate transfer plasmids (see below). All plasmids were sequenced to confirm the correct insert.
Lentivirus preparation. All viral plasmids were obtained from Addgene. The transfer plasmid for overexpression was pWPI, which encodes transgene-IRES-GFP under the control of the EF1-␣ promoter. The transfer plasmid for shRNA was pLVTHM, which encodes the shRNA driven by the H1 promoter along with GFP driven by the EF1-␣ promoter. Viruses were prepared in HEK293T cells using a second-generation packaging system (pMD2G and psPAX2) using calcium phosphate transfection. Viral particles were concentrated by ultracentrifugation.
Cell culture and viability assays. PC12 cells were cultured as described previously (Greene and Tischler, 1976) . Briefly, cells were cultured on tissue culture plates coated with rat tail collagen (Roche). For neuronal differentiation, cells were grown in RPMI-1640 media supplemented with 1% horse serum, penicillin/streptomycin, and 50 ng/ml recombinant human nerve growth factor for 6 -12 d. Media were changed every other day and immediately before toxin treatment. For transient transfections, cells were transfected on day 3-4 of differentiation, using Lipofectamine 2000 (Invitrogen) according to the instructions of the manufacturer. For cotransfections, the ratio of shRNA-pSIREN/ pcDNA3.1 plasmids was 1:3. For lentiviral infections, cultures were transduced at day 3-4 of differentiation at an approximate multiplicity of infection (MOI) of 5, and experiments were performed at least 3 d later. Using these conditions, the infection rate was reliably Ͼ90%.
For survival experiments, stock solutions of 6-hydroxydopamine (6-OHDA) (Tocris) or 1-methyl-4-phenylpyridinium (MPPϩ) (Sigma) were prepared fresh immediately before each experiment. Cells were treated for the indicated amount of time and fixed in 4% paraformaldehyde, and nuclei were stained with Hoescht 33328. Viable transfected (GFP ϩ ) cells were counted in a fixed area of each well. Triplicate cultures were used for each condition, and each experiment was performed at least three times. Two-tailed Student's t test was performed to analyze statistical differences.
Primary cortical neuron cultures from E18 rats were prepared as described previously (Lesuisse and Martin, 2002) and maintained in Neurobasal media supplemented with B-27 and glutamine. Cultures were maintained for 7 d, treated with dopaminergic neuronal toxins, and then collected for total RNA or whole-cell lysates as described below. Primary ventral midbrains neurons from P1-P2 mice were prepared as described previously (Staal et al., 2007) . Cultures were infected with lentivirus at an approximate MOI of 10. After 3-4 d, cultures were treated with 50 M 6-OHDA for 24 h. The cells were then fixed and immunostained for TH and GFP. Using these conditions, Ն95% of TH ϩ cells were infected, i.e., GFP ϩ . Cell survival was measured as the total count of double-positive (TH ϩ , GFP ϩ ) cells in each culture. For both ATF4 knockdown and overexpression, three independent experiments were performed, with each condition performed in triplicate in each experiment.
Western immunoblot and real-time PCR. Whole-cell extracts were collected in cell lysis buffer (Cell Signaling Technology), followed by sonication. Lysates were prepared for SDS-PAGE with Laemmli's sample buffer and boiled for 10 min at 100°C before running. For preparation of detergent-soluble and -insoluble fractions, cells were lysed in cell lysis buffer containing 1% Triton X-100 and sedimented at 125,000 ϫ g for 30 min at 4°C. The supernatant was saved as the detergent-soluble fraction (S). The pellet was washed once with cell lysis buffer before re-extraction with SDS buffer (PBS with 1% SDS). After sedimentation at 125,000 ϫ g for 30 min at 4°C, the supernatants were saved as the detergent-insoluble fractions (P) (Wang et al., 2005a) .
Proteins were transferred to PVDF membranes, which were blocked with 5% milk, incubated with the indicated primary antibody and the appropriate secondary antibody, and visualized with ECL reagent (Pierce).
Total cellular RNA was isolated using TRI Reagent (Ambion). cDNA was synthesized using first-strand cDNA synthesis kit (Origene) with 1 g of total RNA. Quantitative real-time PCR was performed using FastStart SYBR Green Master Mix (Roche) and an Eppendorf Realplex Mastercyler. For the quantification of parkin or ATF4 mRNA, values were normalized to ␣-tubulin mRNA (Table 1) .
Statistical analysis of RT-PCR data is based on at least three independent experiments with triplicate samples.
Immunohistochemistry in human brain sections. Postmortem brain samples from neuropathologically confirmed PD cases and age-and gender-matched controls were obtained from the New York Brain Bank at Columbia University (New York, NY). Midbrain sections (6 m) were deparaffinized in xylene and rehydrated in an ethanol series. Sections were then heated in citrate buffer for 45 min in a rice cooker at 100°C. Sections were then blocked in goat serum for 20 min and incubated with anti-ATF4 (Santa Cruz Biotechnology) at 1:200 in blocking buffer overnight at 4°C. Sections were then washed and incubated with biotinylated anti-rabbit secondary antibody for 1 h at room temperature, washed, and incubated in ready-to use ABC complex solution at room temperature, and then SG substrate (Vector Laboratories) was added. Sections were counterstained with Nuclear Fast Red. 
Results

ATF4 is induced by dopaminergic neuronal toxins
Previously, it has been shown that the ERS response, including elevation of ATF4, is strongly activated in cellular models by dopaminergic neuronal toxins (Ryu et al., 2002; Holtz and O'Malley, 2003) . We sought to confirm and extend these observations regarding the regulation of ATF4 in cellular models of PD. We initially used differentiated PC12 cells, which resemble sympathetic neurons, a vulnerable population in PD (Amino et al., 2005) . Cultures were treated with two different dopaminergic neuronal toxins: (1) 6-OHDA, a metabolite of dopamine that produces oxidative stress, or (2) MPPϩ, a complex I inhibitor that is the active metabolite of the dopaminergic neuronal toxin MPTP (Dauer and Przedborski, 2003) . At the concentrations used, 20 -60% of cells died at 24 -48 h after treatment, with no visible signs of cell death before 12 h. We first measured ATF4 mRNA levels in neuronal PC12 cells treated with either 6-OHDA or MPPϩ for varying times, using quantitative real-time PCR. We found that ATF4 mRNA levels were upregulated by ϳ1.5-to 2-fold after 8 -16 h of exposure to either toxin (Fig. 1A ). Next, we tested the effect of dopaminergic neuronal toxins on ATF4 protein levels. ATF4 protein levels began to rise 8 h after 6-OHDA exposure and continued to rise up to 24 h (Fig. 1B) . With MPPϩ treatment, ATF4 protein began to increase as early as 2 h, peaking at 16 -24 h (Fig. 1B) . These results are consistent with previous studies (Ryu et al., 2002; Holtz and O'Malley, 2003) . Maximal induction of ATF4 occurred with 100 M 6-OHDA and 1 mM MPPϩ (Fig. 1B) . In both models, the magnitude of increase in ATF4 protein was greater than that of ATF4 mRNA, indicating a posttranscriptional contribution to the elevation of ATF4 levels. Both 6-OHDA and MPPϩ lead to PERK (PRKR-like endoplasmic reticulum kinase) activation and eIF2␣ phosphorylation (Ryu et al., 2002; Holtz and O'Malley, 2003) , which lead to increased translation of ATF4. Therefore, we assessed the level of eIF2␣ phosphorylation in our cultures. Indeed, both toxins led to a strong phosphorylation of eIF2␣, which preceded the increase in ATF4. As a positive control, we treated cells with thapsigargin, a classic ERS inducer, and observed robust phosphorylation of eIF2␣ and elevation of ATF4 protein (Fig. 1B) . Together, these results indicate that ATF4 is upregulated at both the transcriptional and translational levels in response to the dopaminergic neuronal toxins 6-OHDA and MPPϩ at a time that precedes cell death.
ATF4 is increased in neuromelanin-positive neurons in PD
Next, we determined whether the elevation of ATF4 observed in cellular PD models also occurs in the brains of patients with PD. Although activation of PERK and eIF2␣ is higher in the SN of PD patients (Hoozemans et al., 2007) , ATF4 levels had not been reported. We performed immunohistochemistry for ATF4 on sections of midbrain from both PD and control subjects. The presence of the brownish pigment neuromelanin served as a marker for dopaminergic SN neurons, and ATF4 immunostaining was visualized with the blue-gray SG substrate (as done previously by Malagelada et al., 2008) to best distinguish it from neuromelanin. In the midbrain of both control and PD brains, ATF4 staining is most prominent in the SN and the dorsal midbrain ( Fig. 2A) . Preabsorption of the ATF4 antibody with a blocking peptide abolished the staining, indicating the specificity of the observed signal ( Fig. 2 A, C) . Most of the ATF4 ϩ cells have the morphological features of neurons. In the SN, staining is primarily, although not exclusively, in neuromelanin-positive neurons. ATF4 is localized primarily to the cytoplasm (Fig. 2B ). Some cells exhibit ATF4 staining at the periphery of the nucleus, with very rare cells displaying diffuse nuclear staining (Fig. 2D ). In addition, there is prominent ATF4 immunostaining in the neuropil in the SN and the proximal processes of neuromelanin-positive neurons ( Fig. 2 E, F ) .
To assess whether ATF4 levels are altered in PD, we performed a semiquantitative analysis of ATF4 immunostaining in individual neuromelanin-positive neurons from 10 PD and nine control brains (Fig. 2 I, J ) . Immunostaining in individual neurons was scored as absent, weak, or strong in a blinded manner. In controls, most (average of 77%) neurons display weak ATF4 staining; the percentage of neurons in each case with strong staining averaged 16% (range of 0 -35%). However, in 5 of 10 PD cases, nearly 80% of neurons show strong ATF4 staining, a level not seen in any of the controls (PD high ATF4 group; representative field in Fig. 2I and analysis in J ). The remaining five PD cases show ATF4 staining similar to controls (PD low ATF4 group; representative field in Fig. 2I and analysis in J ). The mean duration of disease in cases with stronger ATF4 immunostaining is significantly longer than in cases with lower ATF4 levels (mean of 21.4 vs 9.8 years, p ϭ 0.047 by t test). Along with this, there is a trend toward a younger age of onset in cases with higher ATF4 levels (mean of 55.0 vs 69.2 years of age, p ϭ 0.077 by t test). In contrast, there is no difference in age at death between the groups (mean of 76.4 vs 79.0 years of age, p ϭ 0.294 by t test), nor are there differences in gender or postmortem interval (data not shown). We also found ATF4 in pathological structures associated with PD. There are beaded structures that appeared to be abnormal neuritic processes; these are seen predominantly in the SN of PD patients, although they are seen occasionally in control brains as well (Fig.  2G ). In addition, some Lewy bodies are positive for ATF4, typically in the core (Fig. 2H ) . In summary, ATF4 is expressed in Figure 1 . ATF4 mRNA and protein levels are upregulated by dopaminergic neuronal toxins. A, Neuronal PC12 cells were treated with either 150 M 6-OHDA or 1 mM MPPϩ for different times as indicated. Total RNA was isolated and used to prepare cDNA. ATF4 message was quantified by RT-PCR and normalized to the levels of ␣-tubulin. Results are from a representative experiment, with each time point performed in triplicate. This experiment was performed three times. *p Ͻ 0.05, **p Ͻ 0.01 compared with time ϭ 0 h, by Student's t test. B, Neuronal PC12 cells were treated with varying doses of 6-OHDA, MPPϩ, or 10 M thapsigargin (Tg) for the indicated amounts of time. Total cell lysates were prepared and subjected to SDS-PAGE and Western blotting with the indicated antibodies. These experiments were repeated three times.
neuromelanin-positive neurons in the SN, and its expression in elevated in a subset of patients with PD relative to controls.
ATF4 protects cells from death induced by 6-OHDA and MPP؉
ATF4 may have pro-apoptotic or anti-apoptotic effects depending on the paradigm studied. To explore the potential role of ATF4 in PD, we used a shRNA (shATF4-A) construct to knockdown endogenous ATF4 in our cellular models. Silencing ATF4 exacerbated PC12 cell death in response to either 6-OHDA or MPPϩ (Fig. 3A) . There was no effect on cell survival in the absence of toxin treatment. Similar results were obtained with an shRNA construct targeting a different sequence (shATF4-B; Fig.  4 ; data not shown for PC12 cells). To further demonstrate the specificity of our silencing construct, we made use of the fact that human ATF4 cannot be recognized and is not silenced by shATF4-A, targeted to rat ATF4 (Fig. 3B) . Coexpression of human ATF4 with shATF4-A reversed the sensitization to toxinmediated cell death observed with the shRNA construct alone (Fig. 3C) .
If silencing ATF4 leads to an increase in toxin-induced PC12 cell death, then overexpression of ATF4 should improve survival. Indeed, ATF4 overexpression significantly attenuated cell death in response to both 6-OHDA and MPPϩ (Fig. 3D ). Similar to ATF4 silencing, overexpression of ATF4 had no effect on cell survival at baseline. Together, these data demonstrate that ATF4 plays a protective role in neuronal PC12 cells treated with dopaminergic neuronal toxins.
ATF4 protects primary ventral midbrain dopaminergic neurons against 6-OHDA To extend our findings from PC12 cells, we examined the role of ATF4 in the survival of primary ventral midbrain dopaminergic neurons from early postnatal rats. These neurons correspond closely to the dopaminergic SN pars compacta neurons that are preferentially lost and account for the motor symptoms in PD. Using lentiviral delivery of shRNA against ATF4, we found that silencing ATF4 sensitized dopaminergic neurons to 6-OHDAinduced cell death (Fig. 4A) , similar to the effect observed in neuronal PC12 cells. Conversely, lentiviral-mediated overexpression of ATF4 enhanced survival in response to 6-OHDA (Fig.  4B) . In summary, ATF4 protects both primary midbrain dopaminergic neurons, as well as neuronal PC12 cells, against cell death induced by dopaminergic neuronal toxins. Parkin is regulated by 6-OHDA and MPP؉ in cellular PD models Next, we sought to determine the mechanism by which ATF4 enhances neuronal survival. We chose to evaluate parkin as a potential downstream effector of ATF4 for several reasons. Lossof-function mutations in parkin are a relatively common cause of autosomal recessive, early-onset PD. Parkin enhances neuronal survival in numerous model systems (Jiang et al., 2004) . Finally, ATF4 binds to the parkin promoter and upregulates parkin expression in ERS paradigms (Bouman et al., 2011) . Therefore, we hypothesized that ATF4 protects cells from death caused by 6-OHDA or MPPϩ at least in part through parkin. First, we tested the effect of dopaminergic neuronal toxins on parkin mRNA and protein levels. Consistent with the elevation of ATF4 by dopaminergic neuronal toxins and the regulation of parkin by ATF4, parkin mRNA levels were increased approximately twofold in response to 6-OHDA and approximately fivefold by MPPϩ (Fig. 5A) . Despite the increase in its message, parkin protein levels were markedly reduced by both 6-OHDA and MPPϩ (Fig. 5B) . Some studies have found that parkin may aggregate and/or become insoluble after treatment with dopaminergic neuronal toxins (Wang et al., 2005b; Um et al., 2010) . However, we did not observe parkin aggregation or a shift to detergentinsoluble fractions in our experimental conditions (Fig. 5C) . Identical results were observed with a second parkin antibody (data not shown). To ensure that this toxin-induced reduction in parkin protein was not unique to PC12 cells, we repeated these experiments in cultures of primary cortical neurons, a population that develops Lewy body pathology in PD (Braak et al., 2003) . In response to either 6-OHDA or MPPϩ, parkin mRNA was upregulated ( Fig. 5D) , whereas parkin protein levels were significantly reduced (Fig. 5E) .
Parkin can be degraded by caspases (Kahns et al., 2002; and the ubiquitin-proteasome system (Yu and Zhou, 2008) . To assess the mechanism underlying the reduction in parkin protein by PD mimetics, we used pharmacologic inhibitors of caspases (zVAD-fmk), proteasomal function (MG132), or the lysosomal pathway (NH 4 Cl or chloroquine). The 6-OHDAinduced reduction in parkin protein was minimally affected by . ATF4 protects against 6-OHDA-induced cell death of primary midbrain dopaminergic neurons. Primary ventral midbrain cultures were infected with lentivirus carrying shRNA against either ATF4 (shATF4-B) or a mutant version of the targeted sequence (shCTRL) in A or with lentivirus carrying GFP alone (GFP) or GFP and rat ATF4 (ATF4) in B. Three days later, cells were treated with 50 M 6-OHDA for 24 h and then fixed and immunostained for TH and GFP. Survival was measured by counting the number of double-positive (TH ϩ , GFP ϩ ) cells. These are representative results from one experiment performed in triplicate; each experiment was repeated three times. *p Ͻ 0.01 compared with 6-OHDA-treated control condition by Student's t test. inhibition of either caspases or lysosomal function in PC12 cells (Fig. 5F ). In contrast, MG132 significantly attenuated the loss of parkin protein in response to both 6-OHDA and MPPϩ ( Fig.  5F-H ) , without altering the amount of parkin in the detergentinsoluble fraction (data not shown). These data suggest that both toxins lead to a reduction in parkin protein, at least in part, via enhanced proteasomal degradation, although other mechanisms, such as reduced translation of parkin mRNA, may also play a role.
CHOP induction occurs independently of ATF4 in response to dopaminergic neuronal toxins
In many ERS paradigms, ATF4 induces expression of the transcription factor CHOP (Harding et al., 2000; Averous et al., 2004) . Although CHOP typically exerts pro-apoptotic actions, it has also been reported to have neuroprotective effects (Halterman et al., 2010) . We therefore assessed the role of ATF4 in CHOP induction in our models. As described previously (Ryu et al., 2002; Holtz and O'Malley, 2003) , 6-OHDA and MPPϩ both produce an increase in CHOP mRNA (data not shown) and CHOP protein (Fig. 6 B, D ; CHOP could not be consistently detected in the absence of toxin treatment). However, ATF4 knockdown does not diminish the toxin-mediated induction of CHOP mRNA (data not shown) or protein (Fig. 6 B, D) . In fact, ATF4 silencing leads to an even stronger induction of CHOP protein by 6-OHDA. Therefore, unlike other ERS paradigms, CHOP is not positively regulated by ATF4 in response to dopaminergic neuronal toxins.
ATF4 limits the reduction in parkin levels caused by dopaminergic neuronal toxins
Next, we determined whether ATF4 regulates parkin in response to PD-relevant stressors. First, we tested the effect of silencing ATF4, using lentiviral delivery of ATF4 shRNA, in neuronal PC12 cells treated with either 6-OHDA or MPPϩ. Parkin mRNA levels were reduced below control levels when ATF4 was silenced, in either the presence or absence of toxins (Fig. 6A) . Strikingly, the toxin-induced increase in parkin mRNA was completely abolished by silencing ATF4, suggesting that ATF4 is necessary for this response. ATF4 knockdown had a parallel effect on parkin protein (Fig. 6 B, C) . At baseline before toxin treatment, parkin protein levels were reduced after ATF4 knockdown. As anticipated, with the control shRNA, treatment with either 6-OHDA or MPPϩ led to a reduction in parkin protein, despite the increase in parkin mRNA. Significantly, silencing ATF4 produced a much greater loss of parkin protein in response to dopaminergic neuronal toxins, likely as a result of the suppression of parkin mRNA.
Next, we tested parkin levels in PC12 cells overexpressing ATF4. Overexpression of ATF4 had little effect on parkin mRNA levels, in either controls or in response to dopaminergic neuronal Parkin mRNA levels were measured by qPCR (A) and normalized to ␣-tubulin levels. Parkin protein levels were analyzed by Western blotting (B). Results are representative of experiments that were performed three times; each condition was performed in triplicate in each experiment. *p Ͻ 0.01 compared with control (CTR) by Student's t test. C, Parkin protein levels were tested in detergent-soluble (S) and -insoluble (P) fractions of PC12 cells in response to 6-OHDA or MPPϩ. The blot is from a representative experiment, which was repeated three times. D, E, Primary cortical neuron cultures were treated with either 6-OHDA or MPPϩ as indicated, and parkin mRNA and protein levels were tested by qPCR (D) and Western blotting (E). Each experiment was performed three independent times. The blot in E is from a representative experiment, and the densitometric quantification is an average of the three independent experiments. *p Ͻ 0.01 compared with control condition by Student's t test. F, Differentiated PC12 cells were treated with 100 M 6-OHDA for 4 h, washed, and then incubated with the indicated inhibitors-ammonium chloride (NH 4 Cl), chloroquine (CQN), zVAD-fmk (zVAD), and MG132-for 4 h. Protein lysates were prepared and analyzed by Western blotting with the indicated antibodies. G, Differentiated PC12 cells were treated with 1 mM MPPϩ for 16 h, washed, and then incubated with MG132 for 8 h. Samples analyzed as in F. H, Densitometric quantification of parkin protein levels after treatment with either 6-OHDA or MPPϩ, in either the presence or absence of MG132. *p Ͻ 0.05, **p Ͻ 0.001 compared with toxin-treated condition without MG132 by Student's t test. The experiments with MG132 were performed three times with each toxin, with representative blots shown; the other inhibitors were used in one experiment.
toxins (Fig. 7A) . However, overexpression of ATF4 attenuated the decline in parkin protein that occurs after 6-OHDA and MPPϩ treatment (Fig. 7 B, C) . In summary, these results indicate that ATF4 plays a critical role in limiting the loss of parkin protein caused by PD-related stressors.
Parkin mediates the protective effect of ATF4
Because parkin has a protective role in PD cellular and animal models and is regulated by ATF4, we next assessed whether the ATF4-mediated increase in parkin levels plays a direct role in survival. First, we simultaneously silenced ATF4 and overexpressed parkin in neuronal PC12 cells and measured survival after treatment with 6-OHDA or MPPϩ. Overexpression of parkin reversed the deleterious effects of silencing ATF4 on toxininduced PC12 cell death (Fig. 8B) . Next, we performed the converse experiment, overexpressing ATF4 while silencing parkin. The parkin shRNA construct strongly silenced transfected rat parkin in HEK293 cells (Fig. 8A) , as well as endogenous parkin in PC12 cells (data not shown). In this case, when parkin was silenced, overexpression of ATF4 had no effect on cell survival after 6-OHDA or MPPϩ (Fig. 8C) . Thus, in both overexpression and silencing experiments, reversing the effect of ATF4 on parkin abolished the effect of ATF4 on cell survival. This implies that parkin acts downstream of ATF4 and mediates it ability to enhance cell survival in PD cellular models.
Discussion
The goal of this study was to explore the role of the ERS-related transcription factor ATF4 in PD. We observed ATF4 upregulation in SN dopaminergic neurons in half of the PD patients studied. As reported previously for several PD models, we found ATF4 elevation in response to the dopaminergic neuronal toxins 6-OHDA and MPPϩ. Knockdown of ATF4 sensitized neuronal PC12 cells to 6-OHDA and MPPϩ, whereas ATF4 overexpression enhanced survival. ATF4 had a similar pro-survival effect on 6-OHDA-induced death of primary dopaminergic ventral midbrain neurons. Next, we found that ATF4 promoted survival via regulation of the PD-related gene parkin. Treatment with 6-OHDA or MPPϩ leads to a loss of parkin protein, but ATF4 limits this decline. Furthermore, parkin is downstream of ATF4 with regard to enhancing cell survival. Together, these results Figure 6 . ATF4 knockdown exacerbates the loss of parkin levels but does not diminish CHOP induction after treatment with dopaminergic neuronal toxins. Neuronal PC12 cells were infected with lentivirus carrying shRNA against either ATF4 (shATF4-A) or a mutant version of the targeted sequence (shCTRL) for 3 d, treated with 100 M 6-OHDA for 10 h or 1 mM MPPϩ for 24 h, and then analyzed by qPCR (A) and Western blotting (B). Blots are representative of experiments performed in triplicate. Blots from the three independent experiments were quantified by densitometry for parkin (C) or CHOP (D), with values normalized to GAPDH. CHOP signal was not consistently detectable in untreated cells, so the intensity of CHOP in 6-OHDA-treated PC12 cells infected with control virus is used as a reference. *p Ͻ 0.05, **p Ͻ 0.01, compared with shCTRL with identical drug treatment, by Student's t test. identify ATF4 upregulation and subsequent maintenance of parkin as critical mediators of neuronal survival in PD models.
We observed elevation of ATF4 in SN dopaminergic neurons of PD cases, as well as in neuronal PC12 cells treated with 6-OHDA or MPPϩ. Our findings are consistent with higher levels of PERK and eIF2␣ phosphorylation observed in midbrain dopaminergic neurons of PD patients (Hoozemans et al., 2007) and that we and others have observed in cellular PD models (Ryu et al., 2002; Holtz and O'Malley, 2003) . Interestingly, although ATF4 is a transcription factor, it localized primarily to the cytoplasm and processes of midbrain neurons. Previous studies suggest that ATF4 can be regulated in neuronal processes. ATF4 directly interacts with GABA B receptors, which may regulate ATF4 activity (Ritter et al., 2004) . In cultured neurons, ATF4 is abundant in processes and synapses, in which it can be retrogradely transported to the nucleus (Lai et al., 2008) . This observation is particularly interesting, given the defect in axonal transport that is posited to occur in PD (De Vos et al., 2008) . We found that half of the PD cases tested showed stronger ATF4 immunostaining in SN neurons. This increase tended to be associated with longer disease duration. Although this observation needs to be confirmed in additional cases, one interpretation is that higher ATF4 levels contribute to the survival of these remaining SN neurons, given our finding that ATF4 has a protective function in cellular PD models. Alternatively, increased ATF4 levels may be an epiphenomenon, indicating higher levels of neuronal stress.
Using knockdown and overexpression experiments, we demonstrate that ATF4 protects neuronal PC12 cells and primary midbrain dopaminergic neurons against the dopaminergic neuronal toxins 6-OHDA and MPPϩ. This is the first study to directly assess the role of ATF4 in neuronal survival in PD-relevant models. Previous studies exploring ATF4 in other paradigms have yielded results supporting both pro-survival and proapoptotic functions. In support of a pro-apoptotic role, ATF4-null mice and primary neurons are more resistant to in vivo stroke, hypoxia, and ER stressors (Lange et al., 2008; Galehdar et al., 2010) . This pro-apoptotic effect of ATF4 is linked with its transcriptional induction of CHOP, another transcription factor with predominantly (although not exclusively) pro-apoptotic effects (Galehdar et al., 2010; Halterman et al., 2010; Bromati et al., 2011) . However, in our experiments, CHOP induction occurred independently of ATF4. Other studies suggest a pro-survival function for ATF4. DNA damage-induced death was enhanced in ATF4-null primary neurons (Galehdar et al., 2010) . In neuronal cell lines, activating mutations in ATF4 lead to resistance against glutamate and ␤-amyloid toxicity (Lewerenz et al., 2012) . Studies looking at upstream regulators of ATF4 are consistent with a protective function for ATF4 in PD models. Salubrinal inhibits eIF2␣ dephosphorylation, thus favoring ATF4 translation. Salubrinal protects against ␣-synuclein-induced cell death in vitro and improves survival in an ␣-synuclein transgenic mouse (Smith et al., 2005; Colla et al., 2012) . Together, these studies suggest that, although ATF4 may have opposite effects on neuronal survival, it appears to be protective in the context of PD.
One factor likely to contribute to the differential effect of ATF4 on neuronal survival is the set of transcriptional targets regulated by ATF4. For example, as mentioned previously, ATF4 can regulate CHOP expression in some paradigms, although not in our model systems, or others (Zou et al., 2008) . ATF4 functions as either a homodimer (Ameri and Harris, 2008) or a heterodimer with other basic leucine zipper transcription factors, such as c-Jun, c-Fos (Hai and Curran, 1991), or C/EBP (CCAAT/ enhancer-binding protein) (Vallejo et al., 1993) proteins. Different combinations have different DNA recognition sequences and can either activate or repress transcription. Therefore, ATF4 can regulate different sets of downstream genes depending on the status of its binding partners, which in turn may be determined by the cell type and specific stressor. The suite of regulated genes may determine the ultimate effect of ATF4 on neuronal survival.
In our studies, ATF4 overexpression further protected cells against dopaminergic neuronal toxins, although the magnitude of protection was rather modest. One reason may have been reduced expression of the ATF4 transgene during ERS, because the transgene lacked the 5ЈUTR of the endogenous ATF4 that allows for enhanced translation by phospho-eIF2␣. Another reason may be that ATF4 is already upregulated in response to dopaminergic neurotoxins, so that an additional increase in ATF4 does not provide substantial additional protective signaling. Another important consideration is that ATF4 overexpression before the initiation of toxin treatment may be critical for its protective effect, akin to the preconditioning effect seen with sublethal doses of various toxins. For example, pretreatment with low doses of ER stressors leads to an increase in ATF4 and a reduction in 6-OHDA-induced cell death, although the role of ATF4 in the observed neuroprotection was not evaluated (Hara et al., 2011) . ATF4 might be central to the pro-survival effects of preconditioning regimens.
In our studies, dopaminergic neuronal toxins lead to a substantial fall in parkin protein levels, despite an elevation in parkin Figure 8 . The effect of ATF4 on survival in PD cellular models is mediated through parkin. A, HEK293 cells were cotransfected with myc-tagged rat parkin and either shParkin or a control shRNA. Lysates were collected and blotted with myc antibody. B, C, Neuronal PC12 cells were cotransfected with either shATF4-A and rat parkin plasmids (B) or shParkin and rat ATF4 plasmids (C). Forty-eight hours later, cells were treated with 100 M 6-OHDA for 20 h or 1 mM MPPϩ for 36 h, and survival was assessed by counting GFP ϩ transfected cells. These are representative results from one experiment with each condition performed in triplicate; each experiment was repeated three times. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001 by ANOVA with Tukey's post hoc test.
mRNA. We observe this effect in both differentiated PC12 cells and primary cortical neurons, demonstrating that this is not a cell-type-specific finding. Proteasome inhibition attenuates this toxin-induced decrease in parkin protein. Several studies have found reduced parkin activity secondary to dopaminergic neuronal toxins, although the postulated underlying mechanism varies. Some find an increase in the amount of detergent-insoluble and/or aggregated parkin (Wang et al., 2005b; Jensen et al., 2006; Um et al., 2010; Meng et al., 2011) ; we did not observe this in our experiments. Many of these studies examined overexpressed parkin rather than the endogenous protein. Others show that parkin can become posttranslationally modified, e.g., phosphorylation Imam et al., 2011 ) or S-nitrosylation (Yao et al., 2004 , with subsequent inhibition of its E3 ligase activity (with or without aggregation). Our results do not rule out effects on E3 ligase activity, which may occur in addition to the loss of parkin protein we observe. In summary, our data are consistent with previous studies showing a loss of parkin after treatment with dopaminergic neuronal toxins. Our results further suggest that parkin levels decrease, at least in part, via enhanced proteasomal degradation.
ATF4 knockdown led to a decrease in parkin mRNA, with a corresponding reduction in parkin protein. Specifically, the increase in parkin message seen with dopaminergic neuronal toxins was blocked by ATF4 silencing, leading to an even greater decline in parkin protein. These observations are consistent with previous studies showing that ATF4 transcriptionally regulates parkin (Bouman et al., 2011) . Interestingly, ATF4 overexpression had little effect on parkin mRNA. Together, these data suggest that ATF4 is necessary but not sufficient for transactivation of parkin. As discussed above, ATF4 may function as a heterodimer with numerous transcription factors; thus, another rate-limiting transcription factor may function together with ATF4 to regulate parkin. Despite the lack of an effect on parkin mRNA, ATF4 overexpression lessened the toxin-induced loss of parkin protein. Given our finding that dopaminergic neuronal toxins increase proteasomal degradation of parkin, one possibility is that ATF4 overexpression impacts other proteins that in turn regulate parkin turnover.
By simultaneously overexpressing ATF4 and silencing parkin and vice versa, we found that parkin is downstream of ATF4 in terms of protecting cells against dopaminergic neuronal toxins. Parkin overexpression protects neurons, whereas parkin knockdown sensitizes them to different stressors . Parkin regulates mitochondrial fusion/fission, as well as autophagic clearance of damaged mitochondria (Poole et al., 2008; Vives-Bauza et al., 2010) . ATF4 has been linked to the induction of autophagy via transcriptional regulation of LC3B, an essential autophagosome protein (Milani et al., 2009; Rzymski et al., 2010) . ATF4 may also impact mitochondrial oxidative phosphorylation (Martínez-Reyes et al., 2012) . Regulation of parkin by ATF4 may represent an additional mechanism by which ATF4 can modulate mitochondrial function and clearance, processes considered important in the pathogenesis of PD.
In conclusion, we find that ATF4 plays a previously undescribed protective role in PD-related neuronal death by maintaining levels of parkin. These findings have implications regarding potential disease-modifying strategies for PD. Manipulations that enhance ATF4 levels, such as salubrinal-induced eIF2␣ phosphorylation, enhance neuronal survival in PD model systems (Colla et al., 2012) . Activation of the ATF4 -parkin pathway may thus be a neuroprotective strategy in PD.
